Introduction
Exploding plasmas in magnetic fields are a rich and complex phenomena relevant to laboratory and astrophysical environments. Laser-ablated plasmas expanding into an ambient magnetic field are important in the study of diamagnetic cavities, anomalous magnetic diffusion, plasma instabilities, and industrial plasmas [1 -4] . Previous experiments in these areas have used magnetic flux, Langmuir, and Faraday rotation probes and emission spectroscopy, but few have utilized light scattering as a diagnostic. Thomson scattering, a powerful non-invasive, non-perturbative laser diagnostic [5 -7] , has the advantages of being a first-principles method of obtaining plasma parameters such as electron temperature and density, as well as being both highly spatially and temporally resolved. Earlier non-magnetized works have utilized Thomson scattering on either high-density (> 10 18 cm −3 ) laser-driven plasmas [8 -10] or low-density (< 10 15 cm −3 ) arc or discharge plasmas [11, 12] , while in magnetized plasmas, Thomson scattering has been used on θ -piches [13] and is a standard diagnostic on tokamaks.
We present here, to our knowledge, the first application of Thomson scattering to measurements on low-density, laser-driven magnetized plasmas. Furthermore, due to the large scale of the experiment detailed below, these measurements are the first to provide electron temperature and density information from Thomson scattering several cm from the target and hundreds of ns to µs after laser ablation, and augment the small set of existing data at these spatial and temporal scales (see, for example, [14] ). We observe that the electron temperature and density remain relatively stable over several µs, in contrast to the behavior seen in non-magnetized plasmas. In addition, carbon emission lines present in the Thomson spectrum were utilized to provide an independent measurement of the electron temperature and density and to characterize the plasma charge state. 
Theory
In optical Thomson scattering a probe source with frequency ω i and wave vector k k k i i i is scattered off electron density fluctuations of wave vector k k k = k k k s s s − k k k i i i and frequency ω = ω s − ω i , where ω s and k k k s s s are the frequency and wave vector of the scattered light, respectively, θ is the angle between k k k i i i and k k k s s s , and for visible wavelengths k ≈ 2k i sin(θ /2) (see Fig. 1 ). The scattering of visible light off density fluctuations in a non-relativistic plasma in a static magnetic field yields a scattered power P s into a solid angle dΩ in the frequency range ω s to ω s + dω s of the form [5] 
where |k s ×(k s ×Ê i0 )| = 1−sin(θ ) 2 cos(φ ) 2 , φ is the angle between the incident polarization vector E E E i0 and the scattering plane (see Fig. 1 ), L is the length of the Thomson-scattering volume in the direction of the probe beam, r 2 0 = e 2 /(m e c 2 ) = 2.82 × 10 −13 cm, n e is the electron density, and P 0 is the incident probe power. While the full spectral density function S(k k k, ω) can be found in [15] , in the non-collective regime where α = (kλ D ) −1 1 it can be approximated as
where
, θ B is the angle between the magnetic field B B B and k k k (see Fig. 1) , Ω e is the electron gyrofrequency, v Te is the electron thermal speed, and I n is the modified Bessel function of the first kind. The electrons are also assumed to have a Maxwellian velocity distribution.
For any θ B in the limit B → 0 (k ⊥ ρ e 1), S(k k k, ω) reduces to the nonmagnetic, non-collective spectral density function [16] 
where x e = ω/(kv Te ). The primary effect of adding B = 0 is to modulate the nonmagnetic spectrum at intervals of Ω e . However, for small magnetic fields (Ω e /(kv Te ) cos(θ B )), the modulation is largely washed out and can effectively be ignored [17] .
For this experiment, Ω e /(kv Te ) ≈ 10 −4 cos(89 • ) and α ≈ 0.04, so we are justified in taking the non-collective, non-magnetic limit. In this limit, the scattered spectrum is just Gaussian in shape. The electron temperature T e can then be obtained from the spectrum using
where A = (m e · c 2 )/(8k B ) = 6.39 × 10 4 eV, ∆λ th is the spectral (e −1 ) half-width, λ i is the probe wavelength, and T e is in eV.
If the plasma has a bulk fluid speed v F , it will appear as a frequency shift in the scattered spectrum according to ∆ω
where λ obs is the observed wavelength, and γ is the angle between v v v F F F and k k k. Additionally, if the electrons have a drift v D relative to the ions, there is a further Doppler shift of
Since the scattered power is proportional to the electron density (see Eq. 2.1), with suitable calibration the electron density can be extracted from the amplitude of the Thomson-scattered spectrum. Using Rayleigh scattering off air to calibrate the optical collection system, the electron density n e can be obtained by
where n R is the air density, I th /I R is the ratio of the Thomson-to Rayleigh-scattered total integrated signal intensity, L R /L th is the ratio of Rayleigh to Thomson laser energy, and σ R /σ th is the ratio of the Rayleigh-to Thomson-scattering cross sections.
Experimental Setup
The experiments detailed here were carried out at the Trident laser facility [18] at Los Alamos National Laboratory. The overall layout of the experiment is shown in Fig. 2 . A graphite rectangular prism target was placed at the inner edge of a 50 cm diameter pulsed Helmholtz coil that could create quasi-static magnetic fields up to 1 kG. The target was translated or rotated to provide a fresh surface for each shot and was ablated by two sequential laser pulses at 1053 nm. The first ("heater") beam had a pulse width of 50 ns and an energy up to 100 J (2.5 × 10 11 W/cm 2 ) and created an ambient, low-density, magnetized plasma. The second ("driver") beam had a pulse width of 5 ns and an energy up to 200 J (5 × 10 12 W/cm 2 ) and created a super-Alfvénic plasma to shock the ambient plasma [19] . The delay between the pulses was variable up to 10 µs. An array of single-axis, non-differential 1 mm magnetic flux ("b-dot") probes [20] measured magnetic field compression, expulsion, and fast diffusion inside and around the diamagnetic cavity formed by the laser-plasma expansion. The line normal to the target surface along the b-dot array defines the "x"-axis, and the line vertically through the center of the Helmholtz coil along the magnetic field defines the "z"-axis (see Fig. 2c ). A separate laser at 526.75 nm with a pulse width of 0.5 ns and an energy up to 60 J was used as a Thomson-scattering probe beam. The beam was polarized perpendicularly to the x-y plane and was focused through a phase plate by an f/12 lens. It could be delayed arbitrarily relative to the heater or driver beams and was aimed 3 cm from the target surface along the x-axis. The Thomson-scattered light was collected at an angle of 85 • relative to the Thomson beam axis and at an angle of 20 • relative to the x-axis (see Fig. 2b ). The scattered light was collimated by an f/8 plano-convex lens and imaged by an f/4 achromatic lens onto an f/4 0.25 m Chromex TM 250 imaging spectrometer with a 1200 grooves/mm grating blazed at 500 nm. The Thomson collection system had a magnification of 2. The scattered light was detected by a Princeton Instruments MAX TM intensified charge-coupled device (ICCD) gated camera with a 512 × 512 pixel array and an effective square pixel size of 24 µm. The camera was setup with a 10 ns exposure.
The Thomson scattering volume was defined by the probe beam waist (100 µm radius), the projection of the spectrometer slit width onto the probe beam (100 µm), and the detector CCD size in the spatial direction (4 mm, see Fig. 2a ). This yielded a spectral resolution of 0.6 nm and a spatial resolution of 7 µm along the Thomson beam. A black anodized plate angled away from the collection axis served as the viewing dump, while a baffle placed in the exit port of the probe beam acted as a beam dump. A KG3 bandpass filter placed in front of the spectrometer slit blocked light above 800 nm, including stray light from the heater and driver beams. Stray light from the probe beam was blocked by a 3 mm wide (∆λ ≈ 8 nm) hard aperture mask placed directly in front of the detector CCD. The Thomson collection system was aligned using a 1 mm diameter stainless steel pin placed inside a 1.9 mm diameter pyrex capillary tube to facilitate scattering. The probe beam was focused onto the tip of the pin and adjusted along the z-axis to center the pin image on the detector.
Results and Discussion
As can be seen in Fig. 3 , the ablation of the target by the heater beam created a diamagnetic cavity as the blow-off plasma expanded outward [21] . The cavity was preceded by a magnetic compression pulse moving at a speed v p = 250 km/s (the initial speed of the blow-off plasma) and reached a maximum size of ∼ 20 cm, consistent with the scaling laws for the magnetic stopping radius for a background field of 390 G (assuming the blow-off ions lose all of their energy to the expulsion of the background field) [22] . After ∼ 7 µs, the magnetic field had completely diffused back in (though much faster than classical Bohm diffusion [1] ).
To characterize the magnetized heater-driven plasma prior to the driver pulse, Thomsonscattering data was taken 3 cm from the target and 0.5 µs (during cavity formation) and 8.5 µs (after the field diffused back in) after heater beam ablation. Since the Thomson-scattered power P s depends on the polarization of the probe beam (see Eq. 2.1), a second set of data was taken at 0.5 µs with the probe beam polarization rotated 90 • (i.e. parallel to the x-y plane) to confirm the signal was Thomson scattering (residual scattered signal would then be stray light or Rayleigh scattering). A representative spectral profile from 0.5 µs after ablation is shown in Fig. 4a , along with the spectral position of the mask and the corresponding spectral profile from the rotated-polarization image.
To calculate an electron temperature, background and stray light signals were subtracted, and a Voigt profile (convolution of a Gaussian and Lorentz profile to account for instrument broadening) was fit using a Levenberg-Marquardt best-fit algorithm to the non-masked signal. The error in the temperature was dominated by the accuracy of the fit (see Fig. 4b ). From Eq. 2.4, the electron temperature 3 cm from the target and 0.5 µs after ablation was measured to be 13 ± 2 eV. Using the electron density calculated below, this yields α = 0.05 ± 0.01. The electron temperature at 8.5
µs was similar at 11.5 ± 1.5 eV (α = 0.04 ± 0.01). Rayleigh scattering data was taken at chamber air fill pressures of 0.1 -550 Torr with the Thomson probe beam at a laser energy of 50 mJ. Since 0.1 Torr was too low for detectable Rayleigh scattering, data taken at that pressure served as a stray light and background signal fiducial while the other data were used to confirm the scattering was linear in pressure. Total integrated signal intensities were calculated by numerically integrating over the background-and-stray-light-subtracted Thomson and Rayleigh signals. Using Eq. 2.6, the electron density was calculated to be 4±2×10 14 cm −3 at 0.5 µs and 2 ± 1 × 10 14 cm −3 at 8.5 µs.
In addition to the Thomson-scattering signal, several carbon emission lines were also present in the spectrum. Figures 5a and 5b show carbon ion populations 3 cm from the target at 0.5 and 8.5 µs after heater beam ablation, respectively. Populations of singly ionized (C II) carbon can be clearly seen at both 0.5 and 8.5 µs, while at 8.5 µs a CIII line seen at 0.5 µs is replaced by a CII line and a molecular carbon line (C 2 Swan band ∆ν = 0) appears.
From the Doppler shifts of the carbon lines, the instantaneous velocities of several carbon ion species were estimated. At 0.5 µs, the CIII line was shifted 0.2 nm while the CII lines were only shifted 0.1 nm, corresponding to ion speeds of 120 and 60 km/s, respectively. In contrast, ion velocities at 8.5 µs for CII and C 2 were effectively zero since the doppler shifts were smaller than the calibration errors. This is consistent with the heater-driven blow-off ions coming to a stop as they lose energy to electrons that form a diamagnetic current and expel the magnetic field (see Fig. 3 ).
The carbon spectra were used to independently check the electron temperature and density measurements from Thomson scattering and to estimate the ablated plasma's mean charge state. Since the densities were too low to satisfy local-thermodynamic-equilibirum (LTE) conditions, and hence calculate electron temperature and density from the Saha-Boltzman equation, the collisionalradiative code PrismSPECT [23] was used to simulate non-LTE spectra. Using PrismSPECT non-LTE, steady-state, instrument-broadened synthetic spectra for electron densities of 3 × 10 13 − 3 × 10 14 cm −3 and electron temperatures of 7 − 9 eV were found to be in good agreement with the spectrum at 0.5 µs (see Fig. 5a ). Similarly, spectra with an electron temperature of 6 eV over a large range of electron densities were found to be in good agreement with the spectrum at 8.5
µs (see Fig. 5b ). These values compare favorably to those calculated from Thomson scattering. The associated mean charge states calculated from PrismSPECT for the conditions from Thomson scattering wereZ 1 = 3.9 andZ 2 = 3.8 for 0.5 µs and 8.5 µs, respectively. This corresponds to ion densities of 1 ± 0.5 × 10 14 at 0.5 µs and 5 ± 3 × 10 13 cm −3 at 8.5 µs. The latter is consistent with an ion density of 3 × 10 13 cm −3 derived from the mass ablated by a heater intensity of 10 11 W/cm 2 over 50 ns into a diamagnetic cavity of size 20 cm using the empirical mass ablation rate in [24] . The derived electron temperatures were also compared to laser-irradiated carbon simulations on HELIOS-CR, a 1-D radiation-magnetohydrodynamic code [25] . The simulations predicted electron temperatures of ∼ 10 eV, comparable to our calculated and spectral values, 3 cm from the target and 0.5 µs after ablation. However, the simulations were significantly different 8.5 µs after ablation, predicting an electron temperature of only 1 eV. This is most likely because HELIOS-CR could not account for a static background magnetic field. Generally, the relative stability in electron temperature seen over a 8 µs timescale differs significantly from trends observed elsewhere without a background magnetic field. In laser-ablated plasmas in vacuum, a simple model [26] and numerous experimental studies [26 -28] have demonstrated that due to the expansion of the plasma, electron temperature scales with time t as T e ∝ t −2 , or, if recombination dominates over expansion, T e ∝ t −1 . However, with a background magnetic field transverse to the blow-off direction, several new phenomena come into play, including plume confinement, plasma instabilities, and the conversion of plasma kinetic to thermal energy. Harilal et al. [29] have seen electron heating at the edge of a laser-driven plasma expanding into a magnetic field and have argued that electron cooling can be retarded due to resistive Ohmic heating and adiabatic compression by the magnetic field. Similar conditions appear to be in effect here, though over a larger spatial and temporal scale (see also [30] ).
Finally, it is worth noting that at both 0.5 µs and 8.5 µs, the Thomson spectrum has an overall redshift of > 0.55 ± 0.27 nm, with the error primarily from uncertainties in the etalon tuning of the probe beam frontend. This is opposite what one would expect with our scattering geometry, where a bulk plasma flow towards the collection optics would result in a blueshift (see Eq. 2.5), and currently remains unexplained.
Summary
We have applied Thomson scattering for the first time to the measurement of electron temperature and density in a large low-density, magnetized laser-plasma. The temperatures and densities were found to be relatively constant, even over the long experimental times, in contrast to trends observed without a magnetic field. Co-spectral carbon emission lines provide further evidence of this trend. This stability is attributed to the confinement provided by and currents generated by the magnetic field.
The large spatial and temporal scales probed here are of further interest for astrophysicallyrelevant, laboratory-simulated collisionless shocks, where large spatial (several ion gyro-radii) and temporal (several ion gyro-periods) scales are required to form and propagate the shock [31, 22] . This study presents the first step in measuring the temperature and density evolutions of these phenomena.
